Abstract The rise of the AIDS epidemic made the requirement for T cells in our continuous protection from pathogens critically apparent. The striking frequency with which AIDS patients exhibited profound neurological pathologies brought attention to many chronic infections that are latent within the immune-privileged CNS. One of the most common lethal opportunistic infections of these patients was with the protozoan parasite, Toxoplasma gondii. Reactivation of Toxoplasma cysts within the brain causes massive tissue destruction evidenced as multiple ring-enhancing lesions on MRI and is called toxoplasmic encephalitis (TE). TE is not limited to AIDS patients, but rather is a risk for all severely immunocompromised patients, including recipients of chemotherapy or transplant recipients. The lessons learned from these patient populations are supported by T cell depletion studies in mice. Such experiments have demonstrated that CD4+ and CD8+ T cells are required for protection against TE. Although it is clear that these T cell subsets work synergistically to fight infection, much evidence has been generated that suggests CD8+ T cells play a dominant role in protection during chronic toxoplasmosis. In other models of CNS inflammation, such as intracerebral infection with LCMV and experimental autoimmune encephalomyelitis (EAE), infiltration of T cells into the brain is harmful and even fatal. In the brain of the immunocompetent host, the well-regulated T cell response to T. gondii is therefore an ideal model to understand a controlled inflammatory response to CNS infection. This review will examine our current understanding of CD8+ T cells in the CNS during T. gondii infection in regards to the (1) mechanisms governing entry into the brain, (2) cues that dictate behavior within the brain, and (3) the functional and phenotypic properties exhibited by these cells.
Introduction
Toxoplasma gondii is an obligate protozoan parasite that can replicate within a wide variety of cell types [1] . The tremendous success of this pathogen rests, in part, in its ability to transition to a cyst form and persist for the lifetime of the host. The effectiveness of our immune response in controlling T. gondii is evidenced by the fact that despite a global seroprevalence of about 30 %, symptomatic disease is a rare event [2] . During the AIDS epidemic, individuals with TE revealed not only the consequences of a suppressed immune response, but also revealed the brain as an important site of infection. Toxoplasma-induced pathology in these patients nearly always occurs in the CNS, though retinitis is another significant pathology [3, 4] . This points at two possibilities. One possibility, supported by several animal studies, suggests that the brain is a primary site of infection and there is continuous requirement for T cells at this site to prevent reactivation of latent cysts [5] [6] [7] [8] . On the other hand, the brain is not the only site of infection and the parasite can be found in other tissues such as muscle. Thus, the second possibility is that reactivation at these sites or newly acquired infections lead to parasite dissemination to the brain [9] . However, regardless of the scenario, it is clear that to prevent pathology in the CNS, T cell trafficking and migration into the infected brain is critical.
The mouse, a natural host for Toxoplasma, has provided an excellent system for studying the immune response to this parasite. Using luciferase-expressing parasites the dissemination and location of the parasite can be tracked in a live mouse over time [8] . Such experiments alongside traditional histological techniques demonstrate that during chronic infection Toxoplasma is localized to the brain, where it is observed primarily in the neurons of the frontal cortex [10, 7, 11, 12] . Infiltration into the brain by the immune system is often harmful and the brain is uniquely adapted to regulate this process (for review, see [13] ). During chronic Toxoplasma infection, dendritic cells, macrophages, NK cells, as well as both T and B cells have all been reported in the brain [14, 15] . The specific role for each cell population is an ongoing area of inquiry, but mouse studies conducted from the late 1980s to early 1990s demonstrated the absolute requirement for T cells and the cytokine IFN-γ to prevent parasite reactivation [5, 6] . These studies showed that mice treated with IFN-γ depleting antibodies displayed pathology indicative of parasite reactivation, including areas of neural necrosis and the presence of free tachyzoites [5, 6] . These cytokine depleting studies were followed not long after by T cell depletion studies demonstrating 100 % mortality rate when mice were treated simultaneously with anti-CD4 and anti-CD8 antibodies [6] . The crucial requirement for T cells in resistance to T. gondii in the CNS has shaped research on TE for over 20 years. Importantly, depletion of CD4+ T cells alone revealed no effect on mortality, in contrast to an observed 50 % mortality upon depletion of CD8+ T cells alone. This suggests that although CD4+ and CD8+ T cells work synergistically to control infection, CD8+ T cells are critical for protection. Supporting this conclusion, resistance in the mouse, maps to the gene encoding the CD8-restricted MHC class I molecule, H-2L d . Thus, BALB/c mice that express H-2L d are relatively resistant to chronic toxoplasmosis in comparison to the C57BL/6 mouse which lacks this gene and exhibits higher levels of cyst and tachyzoite numbers, along with inflammation and cytokine production [16, 17] .
There have been significant advances in our understanding of CD8+ T cells in the context of chronic toxoplasmosis, but many questions still remain. This review will examine areas of ongoing research in three broad categories: entry of CD8+ T cells across the blood-brain barrier and into the brain parenchyma, their behavior and migration once within the tissue, and finally their phenotype and effector capacities for controlling chronic infection. In the majority of CNS inflammatory models, chronic T cell infiltration to the brain is highly pathological [13] . During murine infections with T. gondii, millions of T cells can be harvested from the brain, while the mice appear indistinguishable in terms of sickness behavior from their naïve counterparts. This suggests that the immune response to Toxoplasma in the CNS is governed by distinct mechanisms that distinguish it from a lethal CNS infection model such as cerebral malaria or LCMV [18, 19] . Thus, understanding the T cell response to Toxoplasma infection in the CNS will provide a greater understanding and new insights into the complex immune responses at this site.
Entry into the brain
Although the brain is highly vascularized, the blood-brain barrier (BBB) limits immune cell infiltration. Tight junctions connect the endothelial cells of the capillaries in the brain. This, along with astrocytic endfeet surrounding the vasculature, allows for highly controlled entry of peripheral molecules and immune cells under normal conditions. Arrays of chemokine receptors, selectins, and integrins have been implicated in T cell entry in other models of CNS inflammation [13] . This includes the requirement of adhesion molecules to slow and facilitate rolling of T cells on the endothelium at the blood/brain interface. PECAM-1, ICAM-1, and VCAM-1 are cellular adhesion molecules that are constitutively expressed on the endothelial cells of the brain vasculature. The upregulation of these molecules in the brain during T. gondii infection has been observed as early as the acute stage of infection (days 9-14) [20] [21] [22] ; implying that their expression precedes parasite or immune cell infiltration of the CNS. Increased expression of VCAM-1 is, at least partially, dependent on IFN-γ signaling [22] ; however, the driving force behind the regulation of endothelial cell expression of multiple adhesion molecules and whether these signals are locally derived or due to systemic circulating cytokines is unknown.
One of the ligands of VCAM-1 is the integrin α4β1 (VLA-4), which is expressed on activated T cells [23] . Adhesion molecules play a central role in the extravasation of T cells into inflamed tissues [13] . The importance of VLA-4 in T cell recruitment to the brain was first observed in the mouse model of multiple sclerosis (MS), experimental autoimmune encephalitis (EAE) [24] . Indeed, antibody-mediated blockade of VLA-4 is the molecular basis of the MS therapeutic natulizumab [25] . During Toxoplasma infection, treatment of chronically infected mice with anti-VLA-4 antibodies, thereby blocking VLA-4/VCAM-1 interactions, inhibits the recruitment of antigen-specific activated CD8+ T cells into the brain and leads to a significant increase in parasite burden [26] . A similar requirement for VLA-4 on CD8+ T cells is seen in a model of T. gondii infection that mimics ongoing reactivation [27] . Together, these studies have demonstrated the importance of VLA-4 in the recruitment of T cells to the brain during T. gondii infection.
The specific roles of PECAM-1 and ICAM-1 remain to be studied, although LFA-1/ICAM-1 interactions have been implicated in both T cell and dendritic cell recruitment to the brain [15, 27] . In addition to these molecules, PSLG-1 and ALCAM have recently been linked to CD8+ T cell entry in other models of CNS inflammation and perhaps are relevant to TE [20, [28] [29] [30] .
Once cells have slowed and crossed the endothelium, the cells reach the perivascular space. Thus, specific signals that draw cells from this space into the brain parenchyma are of interest. CCR7 signaling could provide necessary signals for T cells to migrate into the brain parenchyma from the perivascular space. In spontaneous autoimmunity, CCR7 is involved in T cell infiltration of peripheral tissues, which has in part guided interest in the role of this chemokine receptor in brain entry during chronic toxoplasmosis [31, 32] . In the Toxoplasma-infected brain, the CCR7 ligands, CCL21 and CCL19, are upregulated during the chronic stage. Despite this, CCL21 appears to be uniquely required for CD4+, and not CD8+, T cells to efficiently migrate into the brain parenchyma. Chronically infected plt mice (mice lacking expression of CCL19 and CCL21) have a significantly higher proportion of CD4+ T cells in the perivascular space compared to wild type [33, 26] . CD8+ T cells do not seem to share this requirement, although CCR7 may play a role in CD8+ T cell migration within the brain.
In addition to CCR7, CXCR3 is a chemokine receptor that has been associated with T cell responses during a variety of neuroinflammatory conditions [34] [35] [36] . During West Nile Virus infection, CXCL10 expressed by neurons in the brain parenchyma specifically regulates T cell entry to the CNS [37, 38] . Studies have demonstrated a similar upregulation of CXCR3 ligands in microglia and astrocytes [39, 40] within the brain and CXCR3 expression on invading T cells during chronic toxoplasmosis [41] . Treatment with anti-CXCL10 antibodies, leads to a significant reduction (∼40 %) in CD8+ T cells in the infected brain [41] . This strongly indicates that in contrast to CCR7, CXCR3 is necessary to maintain the CD8+ T cell population in the CNS. Importantly, one limitation of this data is that it does not definitively establish whether CXCR3 is required for entry from the perivascular space and/or meninges into the parenchyma or is needed for the retention of these cells. Intravital imaging allows for T cells to be visualized as they cross the BBB and thus will be critical for addressing the key steps involved in the infiltration of T cells into the CNS during TE.
In addition to the requirement for VLA-4 and CXCR3, studies in injury and infectious models of brain inflammation suggest that CD8+ T cell accumulation is antigen-dependent [18, 42] . The requirement for antigen-specific interactions during Toxoplasma infection was tested using parasites expressing the model antigen ovalbumin. Infection with parasites that secrete OVA protein led to the accumulation of OVA-specific CD8+ T cells in the infected brain [26] .
However, activation of OVA-specific T cells in vitro or in vivo using OVA protein did not lead to CD8+ T cell accumulation in the brains of mice that were not infected with OVA-secreting parasites. Thus, similar to the LCMV model, where blockade of MHC class I inhibited T cell contacts with meningeal vasculature, this data provides compelling evidence for antigen-specific interactions in generating a CD8+ T cell population within the brain [18] . However, LCMVspecific CD8+ T cells have been shown to enter the CNS during chronic toxoplasmosis, but these cells do not persist, offering support for antigen specificity as a condition for retention and/or survival rather than for entry into the parenchyma [41] . Further studies in the LCMV model shows that antigen presentation to CD8+ T cells leads to their local proliferation in the brain [43] . During Toxoplasma infection, T cell proliferation has also been observed within the brain parenchyma [26] . As this was a rare event, it is clearly not the primary cause of the expansion of the CD8+ T cell population in the CNS. These differences between a controlled protective CD8+ response to Toxoplasma and a pathological one during viral encephalitis may point to the amount of antigen and the degree to which it is presented as an important limiting factor for CD8 expansion in the brain.
In addition to the LCMV model of viral encephalitis, during EAE, there is evidence that T cells interact with meningeal and/or vessel-associated phagocytes and this interaction presumably regulates entry, retention, and/or survival [43] [44] [45] . The identity of cells responsible for presenting Toxoplasma antigen at this site remains unknown. Imaging studies have revealed that OVA-specific CD8+ T cells interact with CD11c-expressing cells in the CNS [15] . In addition, numerous APCs, including macrophages and dendritic cells are recruited to the CNS during infection. In the absence of inflammation, the expression of MHC class I in the CNS is minimal, but is upregulated following infection [46] . Furthermore, it is possible that the astrocytes forming the glia limitans could present parasite antigens at this site [47, 48] .
A compelling model for CD8+ T cell entry into the brain during T. gondii infection posits a three-step process where VLA-4 allows slowing of T cells within the blood vessel, adherence to endothelium and extravasation into the perivascular space. Perivascular APCs ensure retention within the CNS, and expression of CXCL9/10 by microglia and astrocytes and CXCR3 by CD8+ T cells regulates entry into the parenchyma (Fig. 1a ). However this model is incomplete and requires further investigation. For example, knockout and depletion methods for these targets do not completely abolish entry into the brain; therefore it is likely that additional molecules are involved. In addition, detailed two-photon microscopy experiments in conjunction with traditional flow cytometric and histological techniques will be required to determine if these signals are required for migration across the BBB or retention of cells once within the infected brain.
Behavior within the brain
Once cells reach the brain parenchyma, less is known about the signals they receive that may direct their behavior and their ability to control infection. T cells could be directed by infection-induced cues or behave using a random search strategy [41] . The ability to monitor the behavior of T cells in live tissue using multi-photon microscopy has dramatically changed the field of immunology, allowing the CD8+ T cell response to Toxoplasma to be observed in real time. Imaging of Toxoplasma infection in the lymph nodes revealed rapid and significant changes in neutrophil and T cell behavior within the lymph nodes [49, 50] . The first study to look at CD8+ T cells in the CNS during chronic Toxoplasma infection in the brain revealed a highly heterogeneous population of cells [26] , some of which seemed to interact with cysts and each other. In terms of general migration patterns, the average velocity, displacement, and meandering index of a transferred population of CD8 T cells varied over the course of chronic infection. These parameters were examined in a transferred population of antigen-specific CD8 + GFP + T cells and found that the average velocity of migrating cells ranged between 4 and 8 μm/min with some reaching up to 25 μm/min, with peak velocities reached between 1 and 2 weeks post transfer [26] . Such speeds are similar to those measured in CD8+ T cells in naïve lymph nodes. As discussed in this study, cells exhibited behaviors ranging and transitioning between constrained to motile migration patterns. Cells also clustered, proliferated, and exhibited repetitive or circling behaviors [26] . A further Fig. 1 a VLA-4 [15] . The role for infiltrating dendritic cells has not been defined, but their association with both the parasite and CD8+ T cells does suggest they may play a role in the cytotoxic response. One possibility is that these dendritic cells serve as a source of soluble chemokine that guides migration; however, their potential role as APC's will be discussed in the following section. In addition to dendritic cells, there are multiple potential sources of chemokines in the brain including neurons, microglia, astrocytes, and infiltrating dendritic cells (Fig. 1b) . All of these cell populations have been shown to express both chemokines and/or their receptors during CNS inflammation [51, 52] . Of the chemokines that are upregulated during infection, CCL21 appears to be present in fibers that were detected by immunofluorescent staining [26] . Importantly, this in situ staining also reveals that CD8+ cells associate with these fibers. Second harmonic signals as seen by two-photon microscopy imaging have revealed a fibrous network upon which CD8+ T cells appear to migrate. Although it has not been definitively established, these networks could represent the same linear structures as seen by CCL21 staining. These structures, their regulation and whether or not chemokines actively bind to such extracellular networks are ongoing areas of study; however, such presentation of chemotactic molecules may provide efficient migratory signals to T cells in the CNS.
Such roles for chemokine signaling within the infected brain parenchyma have now been established for the CXCR3/CXCL10 system [41] . In addition to its role in recruitment or retention of effector CD8+ T cells, CXCL10 is required to increase the speed of CD8 T cell migration within the brain [41] . CD8 T cells in mice treated with anti-CXCL10 antibodies migrated at a significantly slower velocity than their untreated counterparts [41] . Blocking all Gα i -coupled receptor signaling with pertussis toxin further reduced the average T cell velocity. These data suggest two things; firstly, that although CXCL10 contributes to T cell velocity, other chemokines are also involved to maintain optimal speed. Secondly, non-chemokine (Gα iindependent) signaling also contributes to T cell migration in the CNS. Rigorous statistical analysis in these studies also revealed that CD8+ T cell migration does not appear to be directed over the observed timescales, suggesting that chemokine gradients may only be present over very short distances [41] . In addition, in contrast to preliminary studies examining the migration patterns of T cells in the lymph node, CD8 T cell migration in the brain was not well described by a simple random walk or Brownian motion. Instead, a generalized Lévy walk (GLW) described the T cell migration pattern. In this model, CD8 T cells alternate between runs and pauses and the length of the runs and pauses is random and drawn from a Lévy distribution. Thus, the movements and pauses by T cells are typically short, with rare long runs and pauses. Surprisingly, CD8+ T cells maintained the GLW behavior in the absence of CXCL10 and chemokine signals, suggesting that chemokines increase the speed, but not the directionality or pattern of migration. Moreover, mathematical modeling of CD8+ T cell migration suggested that chemokines are import for the control of T. gondii in the brain, as they shorten the distance that T cells must travel before encountering parasites. This study also raises the question of whether this pattern of migration is characteristic of all T cells. Recent analysis of CD8+ T cells in the uninflamed lymph node revealed that cells do not exhibit GLW behavior [53] suggesting that the activation status of the CD8 T cells during infection or the brain environment may influence the GLW behavior.
Despite the fact that there is no evidence that CD8+ T cells within the brain in the chronic toxoplasmosis model are guided by chemokine gradients or towards an antigenic target in vivo, more research is required to investigate the role of additional chemokines and chemokine receptors. It is likely that these molecules contribute to a protective immune response in diverse ways, as may be expected for the control of a complex infection.
Phenotypic and functional characteristics
Previous work has made clear that CD8+ T cells play a crucial role in control of chronic toxoplasmosis through the actions of perforin and IFN-γ [5, 6, [54] [55] [56] . In support of the H-2L d data, adoptive transfer of the CD8+ subset of a major IFN-γ-producing population, TCR variant Vβ8, conferred resistance to chronic infection in nude mice [16, 54, 56] . In addition to the requirement for IFN-γ, perforin is required for the control of cyst burden [57, 55] . Importantly, perforin is sufficient for control of cyst burden in IFN-γ−/− mice, suggesting that although IFN-γ is required for protection against reactivation, control of cyst burden is uniquely the function of perforin secreted by CD8+ T cells [16] . Nonetheless, there are several details that remain unanswered. For example, the targets of perforin and IFN-γ remain unknown and furthermore, CD8+ T cells rarely directly associate with a cyst [58] .
Perhaps the most crucial question regarding CD8 T cells during chronic toxoplasmosis is how they exert effector functions to control infection. Early studies suggested that CD8+ T cells confer protection through perforin secretion [57] . Perforin knockout (PKO) mice succumbed to chronic infection earlier than their wild-type counterparts and exhibited significantly increased parasite burden. However, PKO mice that were vaccinated with ts4 strain parasites were still resistant to challenge with the virulent RH strain. This suggests that perforin is uniquely required for control of cyst burden within the brain (Fig. 1c) .
More recently, it has been shown that when CD8 T cells from chronically infected BALB/c mice are transferred to their SCID counterparts, there was a significant reduction in cyst burden compared to pre-transfer levels [55] . Importantly, this was still seen in mice receiving CD8 T cells from IFN-γ−/− donors, suggesting that IFN-γ is not the primary mediator of cyst burden control. Furthermore, recipients given CD8 T cells from PKO mice showed equivalent cyst burdens to pre-transfer numbers [55] . This is compelling evidence suggesting that during chronic infection perforin mediated cell lysis is one of the crucial mediators for the control of cyst burden and parasite reactivation [59] .
A recurrent question underlying the discussion of each aspect of the CD8 response during chronic infection is antigen source. It is not currently clear if parasite antigen escapes from infected cells into the brain parenchyma and the periphery or if CD8+ T cells recognize reactivating cysts. The use of parasitespecific MHC I tetramers has provided an important piece to this puzzle by demonstrating that ROP7, but not GRA-4 antigen-specific CD8+ T cells are present in the brain during the chronic stage [60] . ROP7 is expressed by both the bradyzoite and tachyzoites, whereas GRA4 is uniquely expressed by tachyzoites. This supports the possibility that CD8+ T cells are responding to both bradyzoites and tachyzoites within the brain, which is supportive of continuous antigen exposure and presentation.
Live imaging of infiltrating DCs within the infected brain parenchyma demonstrated that these cells both associate with the parasite and maintain prolonged contacts with CD8+ T cells, certainly supporting the idea that DCs are acting as local APCs [15] . Perhaps DCs process and present secreted antigen from infected neurons to CD8+ T cells via cross presentation, although this is by no means the only possibility (Fig. 1d ). An elegant study in acute toxoplasmosis using a combination of mCherry labeled parasite reporter and a pH sensitive dye showed that the proportion of dendritic cells directly infected by the parasite were roughly comparable to the proportion that had taken up and processed parasite antigen by phagocytosis [61] . This suggests that during chronic infection, a population of infiltrating dendritic cells could be infected with tachyzoites from reactivating cysts. In this case CD8+ T cells could recognize antigen via the endogenous MHC I pathway, versus cross presentation.
Related to antigen presentation and targeting is the question of where CD8+ T cell priming occurs and whether continuous recruitment/turnover of CD8+ T cells occurs. CD8+ T cells isolated from the brain during chronic toxoplasmosis express high levels of CD44 and low levels of CD62L, characteristic of an activated phenotype [62] . Furthermore, T cells from the brain fail to take up BrdU upon restimulation, suggesting that continuous recruitment may be required to replenish this population [62] . If this is true, then it remains to be defined whether priming occurs in the periphery or perhaps through the actions of perivascular APCs in the CNS. Combining imaging methodologies used for documenting cell migration with readouts of cell function, i.e., NFAT translocation reporter [44] , will prove highly useful to visualize these interactions during chronic toxoplasmosis.
Regardless of the mechanism by which this critical CD8+ T cell population recognizes antigen within the parenchyma and exert their effector functions, the response appears dampened or impaired. Notably, T cells in the Toxoplasma-infected brain exhibit an exhausted phenotype that has been observed in other chronic infections [63] . The polyfunctional nature of a single CD8+ T cell means it can exert a variety of effector responses against infected cells, for example, secretion of granzyme B, IFN-γ, IL-2, and TNF-α [64] . In an exhaustion phenotype, this polyfunctionality is lost. Receptors such as PD-1 are upregulated in exhausted CD8+ T cells as a result of persistent engagement of the TCR with antigen [65] . During chronic toxoplasmosis, a proportion of CD8+ T cells in the brain express PD-1 along with reduced proliferative capacity and reduced expression of effector molecules such as IFN-γ and granzyme B [26, 66] . Although this can be temporarily recovered either through blockade of PD-1 or transfer of CD8+ T cells from acute infection, ultimately this exhaustion phenotype persists. [67] . Taken together, this suggests that the CD8+ T cells during chronic infection can acquire progressive loss of effector function that perhaps contributes to the persistence of the parasite within the brain parenchyma.
T cell exhaustion can be considered a direct result of the persistent nature of chronic toxoplasmosis. This persistence also means that the role of memory populations in controlling the parasite, along with the signals that maintain such a population, is currently unknown. As discussed, the T cells present during chronic toxoplasmosis display unique phenotypes comparable to other models of chronic infection, suggesting that they are functionally distinct from the T cells responding to cleared infections [68, 26, 65] . Memory T cells have been described in the CNS, including immune surveillance that occurs in the human CSF predominantly by a circulating central memory phenotype (CD4+CCR7+) [36] . The discovery of brain resident memory CD8+ T cells in the context of viral infection suggests a potential role for memory in the form of parenchymal surveillance [69] .
Regarding the signals that maintain memory CD8+ T cells, the classical view is that IL-7R is expressed by both memory and naïve T cells and helps maintain long-term survival in a quiescent state [70, 71] . The chronic nature of T. gondii infection suggests that the signals that maintain memory T cells, as well as the nature of immunological memory itself, may differ from infections that are cleared. Mice immunized with an attenuated strain of Toxoplasma, ts4 and treated with IL-15 (a ligand for IL-7R), then challenged with the PLK strain of the parasite showed enhanced protection relative to their untreated counterparts [72] . However, a subsequent study revealed that following vaccination with the ts-4 strain IL-15 is not necessary for protection during a virulent challenge [73] . As ts4 parasites are cleared, this is not reflective of the environment of the chronically inflamed brain, where there is persistent antigen. Additionally, IL-7 may compensate for the function of IL-15. In response to this, IL-15−/− mice were treated with IL-7 depleting antibodies. This study revealed a defect in the ability of CD8+ T cells with a memory phenotype to develop [74] . This suggests that IL-7R is required for the generation of memory CD8+ T cells during chronic toxoplasmosis; however, the role for memory populations in conferring protection at this stage is unknown. Furthermore, the requirement for IL-7R during chronic infection to maintain an effective CD8+ T cell population within the brain has not been tested.
Indeed, it is possible that IL-7R is not required for maintenance of memory populations in the Toxoplasma-infected brain at all. Studies of chronic viral infection suggest that the memory CD8+ T cells generated in this context become dependent on their cognate antigen for long-term survival instead of IL-15 or IL-7 [68] . The network of dendritic cells that has been discussed in previous sections could support this hypothesis. However in addition to dendritic cells, CD8+ T cells could encounter antigen presented by microglia, astrocytes, and neurons, as all these cell populations express MHC I (Table 1) [75, 47, 15] . In other models of brain inflammation, astrocytes have been shown to form synapses with CD8+ T cells as well as to serve as a source of cytokines, and thus they form a compelling candidate to play multiple roles at the site of infection [47, 48] . Experiments similar to those done in acute LCMV infection, visualizing CD8+ T cell interaction with APCs and subsequent activation as measured by proliferation could be useful to establish the targets of CD8+ T cells within the brain. Additionally, studies confirming the survival signals and roles of memory CD8+ T cells during chronic toxoplasmosis have yet to be conducted. The specific role that CD8+ T cell memory populations play in control of any chronic infection has been largely unexplored and T. gondii may prove a useful model to answer this question.
Conclusion
As a model of chronic inflammation in the CNS, T. gondii infection can both inform and be informed by other models of CNS inflammation. The evidence examined in this review suggests that the CD8+ T cell response at the chronic stage of toxoplasmosis is essential to control of infection, yet there are many questions that remain to be explored. CD8+ T cells are required for control of toxoplasmosis, yet they can exhibit an exhausted phenotype indicating suppression of function. Although blockade of PD-1 can temporarily restore CD8+ T cell function, permanent recovery has not yet been achieved. It is useful to consider whether recovery will enhance the immune response to the parasite, potentially to the point of clearance, or whether this suppression is actually required along with regulatory cytokines to prevent inflammation-related pathology. A robust CD8+ T cell response is a strong correlate of protection in other diseases, and it seems that this is the case in chronic T. gondii infection as well, yet the targets and the signals that enhance target location are not fully understood. The infrequency with which CD8+ T cells are observed to contact cystinfected neurons suggests their response is predominantly against parasite reactivation. The current evidence suggests that whatever the target, chemokines increase the speed at which CD8+ T cells search for said target. However, without a broader understanding of what CD8+ T cells are responding to and how they find what they are responding to, it is important to be cautious in enhancing CD8+ T cell function and behavior towards a therapeutic end. The context within which these CD8+ T cells operate is important, and may define what is protective in one context and pathogenic in another. The study of the CD8+ T cell response during chronic Toxoplasma infection within the brain is clearly a useful and informative tool for understanding the generation of protective immunity in the brain during ongoing inflammation-relevant to a number of infectious and noninfectious immune responses in the CNS.
